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THERMAL SWITCH USING MOVING
DROPLETS

BACKGROUND

Active thermal switches operate between states of thermal
conductivity during which the switch transiers heat, and ther-
mal insulation during which the switch does not conducts less
heat. Minmiaturized and/or arrayed active thermal switches
could enable a range of new applications, including 1improv-
ing thermal management of integrated circuits and chip pack-
ages and new energy concepts. Current approaches have been
unable to achieve distinct thermal contrast between the high
heat conducting state and the low heat conducting state with
small form-factors and fast actuation at temperatures suitable
for energy harvesting or cooling applications.

Issues may arise with thermal switches and their thermal
conductivity contrast, switching speed, and the ease or diifi-
culty of construction. Thermal conductivity contrast means
the difference between the thermal conductivity with the
switch on versus the thermal conductivity with the switch off.
Many current approaches do not have good contrast. Simi-
larly, many approaches have slow switching speeds between
the thermal switch being on and off. Finally, many thermal
switches have very complicated manufacturing processes,
and use matenals that can be difficult to handle or matenals
that are expensive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an embodiment of an array of active thermal
switches 1n an OFF state.

FI1G. 2 shows an embodiment of an array of active thermal
switches 1n an ON state.

FIG. 3 shows a top view of an embodiment of an array of
active thermal switches.

FIGS. 4-13 show an embodiment of a method of manufac-
turing an active plate for an array of thermal switches.

FIGS. 14-16 show an embodiment of a method of manu-
facturing a thermal contrast plate.

FIG. 17 shows an alternative embodiment of a thermal
contrast plate.

DETAILED DESCRIPTION OF TH
EMBODIMENTS

(L]

FIG. 1 shows an embodiment of an active thermal switch
10. One should note that several modifications and varnations
exist. This embodiment 1s intended to serve as an example
with no limitation intended on the scope of the claims. In this
embodiment, the thermal switch resides in an array of thermal
switches, which may be operated together as one larger
switch, or operated individually, but the discussion will focus
on only one of those switches. The switch generally consists
ol a first substrate, referred to as an active plate, 12, and a
second substrate, referred to as a thermal contrast plate, 14.
Liquid droplets such as of thermally conductive matenal lie
between the two substrates and have the capability to move
between thermally conductive regions 18 and thermally 1nsu-
lative regions such as 20. Spacers, such as 22, have an extent
necessary to allow droplets of suilicient size to conduct heat
to reside between the two substrates.

The droplet serves to connect the active plate with the
thermal contrast plate through one or the other type of region.
In FIG. 1, the embodiment shows a thermal switch in the OFF
state. The droplet holds a position between the thermally
insulative region 20 in the thermal contrast plate and the
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2

active plate 12. Heat in the thermal contrast plate will not
travel to the active plate through the droplet because the
insulative region will not conduct the heat, or will conduct the
heat at a very low level. Heat 1n the active plate will travel
through the droplet to the thermal contrast plate but will then
encounter the msulative region, which will not conduct heat
any at significant level.

FIG. 2 shows an embodiment of a thermal switch in the ON
state. The active plate 12 includes an actuator that causes the
droplet to move between the ON state and the OFF state. In
this particular embodiment, the actuator consists of a set of
clectrodes 26. Selective activation of the electrodes and con-
trol of their respective voltages cause the droplet to move
between the ON position and the OFF position, and to hold
the position. In FIG. 2, the electrodes received signals that
caused the droplet to move away from the OFF electrode and
towards the ON electrode.

With the movement of the droplet to the thermally conduc-
tive region 18, heat will now conduct between the two plates
through the droplet and thermally conductive region. FIG. 2
shows this by the heat flux lines 24.

As discussed previously, the thermal switch 1n FIGS. 1 and
2 are part of an array of thermal switches. A spacer such as 22
separates the first and second substrates and may have a
turther advantage of defining the extent of each switch. The
individual addressing of each switch may take a form very
similar to memory array addressing, or display panel element
array addressing. Such a form may include row and column
address lines, ‘word” and ‘bit’ line addressing such as those
used 1n memory array addressing. FIG. 3 shows such an
example.

In FIG. 3, the electrodes 26a for the thermally insulative
regions 20 and the electrodes such as 265 for thermally con-
ductive regions 18 are shown as being connected together.
This mimics the addressing schemes discussed above. In the
particular embodiment shown here, the thermally 1nsulative
regions 20 consist of porous silicon regions formed 1n the
thermal contrast plate. The thermal contrast plate may consist
of a silicon water that has undergone an alteration such as
ctching to form the porous regions. The discussion now turns
to the materials and manufacturing of the thermal switches.

FIGS. 4-13 show a process for manufacturing an embodi-
ment of the active plate. In FIG. 4, the active plate substrate
consists of a silicon waler. However, any type of substrate
upon which can be formed metal and other layers would work
as well. The substrate should have a high thermal conduc-
tance from bottom to top, which 1s the heat flow path. In the
embodiment of FIG. 4, the substrate has a dielectric layer 30,
such as silicon dioxide, upon 1t. The electrode layer 32 in FIG.
5 consists of molybdenum on a chromium adhesion layer, but
may consist ol any material having a high electrical conduc-
tivity.

FIGS. 6-9 show one example of a photolithography pro-
cess to form the electrodes, with the understanding that any
such process may form the electrodes. In FIG. 6, a layer of
photoresist 34 covers the electrode layer 32. Light directed
towards the photoresist layer selectively cures regions of the
photoresist such as region 36. An etching or cleaning process
removes the uncured portions of the photoresist, leaving
regions such as 36, and exposing regions of the electrode
layer 32 such as 38.

An etch process then removes portions of the electrode
layer 32 that have no protection, while the protected regions
such as that under region 36 remain, as shown in FI1G. 9. The
cured photoresist regions are then removed, leaving elec-
trodes formed on the dielectric coating, such as electrodes

26a and 2656 in FIG. 10. This demonstrates one method of
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forming electrodes. They can result from other processes,
such as printing or laminating.

Once the electrodes are formed, by whatever process, they
receive a dielectric coating 40. This separates the electrodes
from the droplet of liquid. In order to respond to electrical
actuation, the droplet has some electrical conductivity. With-
out the coating 40, the droplet could cause the electrodes to
short, as will be discussed 1n more detail later.

The process may include an optional hydrophobic coating
42. Once the droplet becomes trapped between the two sub-
strates and the spacers, no means to refresh the droplet exists.
A hydrophobic coating will increase the mobility of the drops
on the surface, decreasing the time and/or force needed for
switching. As a secondary benefit, the hydrophobic coating
can prevent the substrate from absorbing any of the drop,
which would diminish the size of the drop reducing its effec-
tiveness as a thermal conductor. The hydrophobic coating
may consist of Teflon®, or a superhydrophobic surface, such
as textured surfaces. However, a textured surface may reduce
the thermal contact between the drop and the surface.

FIG. 13 shows two thermal switches having slightly dif-
terent architectures. It should be noted that these architectures
would not reside in the same array; they do so here for sim-
plicity. Sitmilarly, the placement of the spacers 22 dictate the
number of electrodes in these drawings, but the spacing may
remain the same between the two architectures. The spacer
layer may consist of SU-8, a photopatternable polymer,
which can result from patterning on the active plate. The
spacer layer should have low thermal conductivity to avoid a
parasitic path of heat conduction parallel to the drops. It
should also have a high enough mechanical strength to main-
tain a rigid separation between the plates.

The thermal switch 10 has two electrodes 26a and 265,
used to position the droplet adjacent the thermally 1insulative
or thermally conductive regions on the contrast plate. The
thermal switch 50 has several electrodes. These different
architectures have different electrical actuation methods
using electrodes. Other actuation methods also exist, includ-
ing electrowetting, electrokinetic effects, magnetic actuation
using ferroliquids, etc.

For example, the thermal switch 10 will generally involve
having the liquid droplet in electrical contact with one elec-
trode, typically a ground electrode. The droplet then capaci-
tively couples to switching electrodes such that the droplet
forms one ‘plate’ of a capacitor. When a controller, such as 60,
applies a potential between the grounded droplet and one of
the electrodes 26a or 265, an electrostatic force between the
droplet and the active electrode will cause the droplet to move
to a position above the active electrode. This architecture also
has an 1impact on the formation of the thermal contrast plate,
as the underside of the thermal contrast plate that faces the
active plate will require a conductive coating of some kind to
act as the ground electrode. This coating should be sufilfi-
ciently thick to obtain high enough lateral electrical conduc-
tance for fast switching, yet not so thick as to obtain high
lateral thermal conductance, which reduces the heat blocking
capability of the switch 1n the off state. This will be referred
to as the ‘single capacitor’ approach.

In contrast, the thermal switch 50 has multiple electrodes,
52a-d. When the controller applies a potential across a pair of
clectrodes, two capacitors form 1n series. One between the
first electrode and the droplet, the other between the second
clectrode and the droplet. The droplet will tend to move to
equalize the capacitances between 1itself and each electrode
because of the electrostatic force generated. Typically, the
area ol a droplet cross-section will be greater than the area of
an electrode. This will be referred to as the ‘series capacitor’
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4

approach. To move droplets between the thermal contrast
regions, the controller activates multiple electrodes per drop-
let such that the droplet 1s moved successively from one to
another.

The voltage applied may vary from approximately 10 volts
or less to 100 volts or more. Both AC and DC voltages can
work, although the DC voltages should have a sharp edge. AC
voltages 1n the range of one to less than one hundred Hz
seemed to work most effectively. The voltages needed depend
upon the material of the droplet.

The droplets may be aqueous, such as a solution with a high
concentration of salt, or metallic liguid, such as mercury or
indium-gallium alloys, such as Indalloy™. Liquid metals
have an advantage 1n their high thermal and electrical con-
ductivity. Indium-gallium alloys also have an advantage that
they have fewer environmental concerns than mercury. How-

ever, they are incompatible with many common materials and
also droplets tend to form an oxide layer on their surface,
which impedes their mobility. The below table lists the ther-
mal conductivities of these materials and some of the mate-
rials involved.

Material K (W/mk)
S1 (single crystal silicon) 149
Copper 401
Porous Si1 (70% porosity approx.) 0.1
Water 0.6
Air 0.025
Liquid mercury (at 20 C.) 7.9
Liqud gallium (at 30 C.) 24
Indalloy 117 (at 47 C.) 15
SU-8 0.2

Some of the materials above relate to the thermal contrast
plate. FIGS. 14-16 show an embodiment of a method of
forming a thermal contrast plate using a waiter of silicon,
typically single crystal silicon. In FI1G. 14 the thermal contrast
plate substrate 14 receives a layer of photoresist 70 1n which
selective regions such as 72 receitve light to cure those
regions.

FIG. 15 shows the uncured regions of the photoresist 70
having been removed, leaving the cured regions such as 72
and exposed regions such as 74 of the substrate 14. A tradi-
tional etching process may be applied that alters the exposed
regions 1o 1icrease their porosity. Alternatively, the photore-
s1st masking process may not be necessary and a selective
clectromechanical etching process applied to the regions to
form regions in the substrate 14 having high porosity,
approximately 70% porous.

FIG. 16 shows the resulting thermal plate 14, having highly
porous and thermally insulative regions 74, mverted from
processing as 1t would be positioned betfore being joined to
the active plate. It the architecture of the switch employs the
single capacitor actuation scheme, the underside of the ther-
mal contrast plate will require a conductive coating to allow 1t
to act as the ground electrode, shown as layer 76 1n FIG. 16.
This thermal contrast plate would then mount to the spacer
layer on the active plate after each region between the spacers
receives the droplet of liquid.

FIG. 17 shows an alternative embodiment of a thermal
contrast plate 14. In thus embodiment, a substrate, which may
be aluminum or other thermally conductive material, has
grooves or recesses such as 80 formed within. The grooves or
recesses could then be filled with a thermally insulative mate-
rial, such as polyurethane, or a gas, such as air. If filled with
gas, the recesses would be sealed by application of a mem-
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brane 84. If filled with a solid, they would optionally be
smoothed. If the single capacitor embodiment 1s used, the
membrane may be a metalized membrane, or a second metal-
lic layer 76 would be applied. Many other alternatives exist
for the thermal contrast plate. The thermally contrasting
regions could consist of copper and glass or polymer.

In experiments, a lumped-element model was created to
estimate the thermal conductivity k, k,/k, » using drops of
roughly 250 nanoliters 1n size. A value of approximately 250
was obtained, with the on state of about 2x10* W/Km?~,
assuming a fill factor o1 0.85, which 1s the ratio of area that can
be contacted by the drops to the total area. Switching speed 1s
estimated to be about 1 millisecond.

The above thermal switches have several advantages. They
have high thermal contrast, low total thermal resistance in the
ON state, no moving parts except the tluid droplets, relatively
fast switching, and low cost fabrication.

It will be appreciated that several of the above-disclosed
and other features and functions, or alternatives thereof, may
be desirably combined into many other different systems or
applications. Also that various presently unforeseen or unan-
ticipated alternatives, modifications, variations, or improve-
ments therein may be subsequently made by those skilled in
the art which are also intended to be encompassed by the
tollowing claims.

What 1s claimed 1s:

1. A thermal switch, comprising:

a first substrate;

a thermally conductive region on the first substrate;

a thermally 1nsulative region on the first substrate adjacent

the thermally conductive region;

a second substrate arranged adjacent the first substrate;

at least two spacers between the first and second substrates
to separate the substrates, the spacers located with the
thermally 1nsulative and the thermally conductive
regions between the spacers;

a droplet of electrically and thermally conductive liquid
between the first and second substrates adjacent one of
either the thermally conductive region and the thermally
insulative region; and

at least two electrodes arranged together on the second
substrate to generate electrostatic forces that cause the
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droplet to move between the thermally conductive
region and the thermally insulative region on the first
substrate wherein a dielectric coating separates the elec-
trodes from the droplet.

2. The thermal switch of claim 1, wherein the spacers
turther comprises one of a photopatternable epoxy, Kapton,
or SU-8.

3. The thermal switch of claim 1, wherein the thermal
switch comprises one thermal switch 1n an array of thermal
switches.

4. The thermal switch of claim 1, further comprising a
controller in communication with the electrodes such that the
controller can control the voltage of the electrodes.

5. The thermal switch of claim 1, wherein the thermally
conductive region comprises a region of copper and the ther-
mally 1nsulative region comprises one of glass or a polymer.

6. The thermal switch of claim 1, wherein the thermally
insulative region comprises a gas-filled cavity covered with a
membrane.

7. The thermal switch of claim 1, wherein the droplet of
thermally conductive liquid comprises one of solution with
salt or a metallic liquad.

8. The thermal switch of claam 7, wherein the droplet
comprises a metallic liquid selected from mercury, mndium-
gallium alloy, and gallium.

9. The thermal switch of claim 1, wherein the at least two
clectrodes comprise a first electrode arranged opposite the
thermally conductive region and a second electrode arranged
opposite the thermally insulative region.

10. The thermal switch of claim 9, wherein the first sub-
strate has a conductive coating on a surface of the first sub-
strate 1n contact with the conductive liquid.

11. The thermal switch of claim 9, wherein at least one of
the first electrode and the second electrode comprises an array
ol electrodes.

12. The thermal switch of claim 1, wherein the first sub-
strate comprises a metal plate having at least one groove filled
with one of either a gas or a polymer to form the thermally
insulative region.
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